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The BlaB metallo-�-lactamase of Chryseobacterium meningosepticum CCUG4310 was overproduced in Esch-
erichia coli by means of a T7 promoter-based expression system. The overproducing system, scaled up in a
15-liter fermentor, yielded approximately 10 mg of BlaB protein per liter, mostly released in the culture
supernatant. The enzyme was purified by two ion-exchange chromatographic steps with an overall yield of 66%.
Analysis of the kinetic parameters revealed efficient activities (kcat/Km ratios of >106 M�1 s�1) toward most
penam and carbapenem compounds, with the exception of the 6-�-methoxypenam derivative temocillin and of
biapenem, which were poorer substrates. Hydrolysis of cephalosporins was overall less efficient, with a
remarkable variability that was largely due to variable affinities of the BlaB enzyme for different compounds.
BlaB was also able to hydrolyze serine-�-lactamase inhibitors, including �-iodopenicillanate, sulbactam and,
although less efficiently, tazobactam.

Metallo-�-lactamases are emerging resistance determinants
among gram-negative pathogens (15–17, 20). They can con-
tribute to the intrinsic �-lactam resistance of some species that
carry resident metallo-�-lactamase genes (e.g., Bacillus cereus,
a cluster of Bacteroides fragilis, Stenotrophomonas maltophilia,
some Aeromonas spp., Chryseobacterium meningosepticum,
Chryseobacterium indologenes, and Legionella gormanii) and to
acquired �-lactam resistance in Enterobacteriaceae, pseudo-
monads, and other nonfastidious gram-negative nonferment-
ers following acquisition of metallo-�-lactamase determinants
carried by mobile genetic elements (3).

Metallo-�-lactamases are included in molecular class B and
in group 3 of the functional classification (5). Remarkable
structural and functional heterogeneities exist among these
enzymes. Structural analysis identified three major molecular
lineages, subclasses B1, B2, and B3, with a degree of sequence
divergence that can be higher than 90% between members of
different subclasses (14, 19). Functional analysis revealed vari-
able substrate specificities and heterogeneous kinetic behav-
iors and identified three different subgroups, determined to be
3a (showing a broad substrate specificity), 3b (acting as specific
carbapenemases), and 3c (overall preferring cephalosporin
substrates) (22). However, a constant feature of metallo-�-
lactamases that contributes to their clinical relevance is the
ability to efficiently hydrolyze carbapenem compounds, which
are not hydrolyzed by the majority of active-site serine �-lac-
tamases (4).

Although some of these enzymes have been subjected to
detailed biochemical (2, 11–13, 19) and structural analysis (6,

7, 8, 9), the catalytic mechanism(s), interaction with metal, and
structure-function relationships are only partially understood.
Additional biochemical and structural analyses are essential to
the understanding of these aspects and are also strategic to the
development of new metallo-�-lactamase inhibitors.

In this work we developed a system for overproduction and
purification of the BlaB metallo-�-lactamase of C. meningo-
septicum, and we carried out a biochemical characterization of
the enzyme.

MATERIALS AND METHODS

Bacterial strains and genetic vectors. Escherichia coli DH5� (25) was used as
the host for recombinant plasmids. E. coli BL21(DE3) (Novagen Inc., La Jolla,
Calif.) was used as host for overproduction of the BlaB enzyme using the T7
promoter-based expression vectors. Plasmid pSK16CR (24) was used as the
source for the C. meningosepticum blaB gene. Plasmid pBC-SK (Stratagene Inc.,
La Jolla, Calif.) was used as a cloning vector for the PCR-amplified blaB gene.
Plasmids pET-9a and pET-24a were used for overexpression of the blaB gene
under the control of the T7 promoter.

Media and culture conditions. Luria-Bertani medium was routinely used for
the propagation of E. coli strains. SB medium (yeast extract, 20 g/liter; Bacto
tryptone, 35 g/liter; NaCl, 5 g/liter; buffered with 50 mM phosphate buffer [PB;
pH 7.0]) was used in the expression experiments. TB medium (yeast extract, 24
g/liter; tryptone, 12 g/liter; glycerol, 4 ml/liter; buffered with 50 mM potassium-
phosphate buffer [pH 7.0]) was used for large-scale production of the BlaB
enzyme.

Antibiotics in culture media were used at the following concentrations: chlor-
amphenicol, 85 �g/ml; kanamycin, 50 �g/ml. Bacteria were always grown aero-
bically at 37°C. Ingredients for culture media were from Difco Laboratories
(Detroit, Mich.). Antibiotics and other chemicals were from Sigma Chemical Co.
(St. Louis, Mo.).

Recombinant DNA methodology. Recombinant DNA methodology was essen-
tially as described by Sambrook et al. (25). Construction of the expression vectors
pET9-Chryseo and pET24-Chryseo was performed as follows. The blaB open
reading frame was amplified with oligonucleotides C.BlaB-FOR (5�-GCT CTA
GAA GGA GAA TAA GAA ATG TTG AAA AAA ATA AAA ATA AGC
TTG), which added an XbaI linker (underlined) and a ribosomal-binding site
located 8 bp upstream of the blaB start codon, and C.BlaB-REV (5�-GGC GGA
TCC GGA AAA AGG CTT CAT TAA TTT G), which added a BamHI linker
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(underlined) downstream from the blaB stop codon. PCR was performed with 5
ng of template DNA (plasmid pSK16CR), 100 pmol of each primer, and 3.5 U
of DNA polymerase (Expand High Fidelity PCR System; Roche Molecular
Biochemicals, Mannheim, Germany) in a final volume of 100 �l in the buffer
system provided by the manufacturer. Cycling conditions were as follows: 94°C,
1 min; 47°C (with an increment of 0.6°C/cycle, until 53°C), 1 min; 72°C, 1 min;
repeated for 35 cycles, and followed by a final extension step of 10 min at 72°C.
The resulting amplimer was digested with XbaI and BamHI and cloned in
pBC-SK, digested with the same enzymes, to obtain recombinant plasmid
pJDD-1. After confirmatory sequencing, the 0.8-kb XbaI-BamHI insert of
pJDD-1 was subcloned either in plasmid pET-9a or in plasmid pET24-a, digested
with the same enzymes, to obtain the recombinant plasmids pET9-Chryseo and
pET24-Chryseo, respectively.

Expression experiments. Production of the BlaB enzyme by E. coli
BL21(DE3) transformed with either pET9-Chryseo or pET24-Chryseo was mon-
itored as a function of time in both supernatants and cell lysates of cultures
growing in SB medium containing kanamycin. Each culture (200 ml) was grown
to achieve an A600 of approximately 1 and split between two flasks (100 ml per
flask), and isopropyl-�-D-thiogalactopyranoside (IPTG) was added, at a 1 mM
final concentration, to one flask. Samples, drawn at different times, were centri-
fuged at 18,000 � g for 5 min. The culture supernatant was stored at 4°C. Cells
were resuspended in an equal volume of 50 mM PB (pH 7.0) and disrupted by
sonication (4 cycles, each cycle for 20 s at 50 W), and the lysate was centrifuged
at 18,000 � g for 15 min at 4°C; the cleared supernatant represented the cellular
fraction. BlaB activity in the fractions was determined with 1 mM imipenem as
substrate (�ε � 	9,000 M	1cm	1, at 300 nm) in 50 mM PB (pH 7.0) at 25°C.
The amount of BlaB present in the various fractions was calculated from the
measured activity based on the following kinetic parameters: Km, 360 �M; kcat,
730 s	1.

Large-scale production and purification of the BlaB enzyme. The BlaB en-
zyme was purified from E. coli BL21(DE3)(pET9-Chryseo) grown aerobically in
a 15-liter fermentor for 6 h at 37°C in TB medium containing kanamycin. Cells
were removed by continuous-flow centrifugation. All subsequent steps were
carried out at 4°C. The cleared supernatant was diluted fivefold in 50 mM PB
(pH 6.5) and added to 2 liters of Sepharose SP Fast Flow (Amersham Pharmacia
Biotech, Uppsala, Sweden) equilibrated with the same buffer. After incubation
for 2 h under gentle agitation, the gel was collected by sedimentation and
filtration and washed with two volumes of PB, and proteins were desorbed by
resuspension of the gel in 2 liters of PB containing 0.5 M NaCl. The eluate was
concentrated about twice by ultrafiltration (1.5 � 105 Pa; membrane molecular
weight cutoff, 10,000) and dialyzed overnight against PB. After centrifugation at
9,750 � g for 30 min to remove any precipitate, the solution was fractionated by
ion-exchange chromatography using a fast-performance liquid chromatography
system (Pharmacia-LKB, Uppsala, Sweden). The solution was loaded onto a
Sepharose SP Fast Flow column (1-liter bed volume) equilibrated with 10%
buffer B (PB, 50 mM ZnCl2, 1 M NaCl) in buffer A (PB, 50 mM ZnCl2). The
elution conditions were as follows: 10% buffer B in one column volume (CV); 10
to 60% buffer B in two CV; flow rate 5 ml/min. The eluent was monitored at 280
nm and peaks were collected. The elution peak containing �-lactamase activity
was concentrated at 0.8 mg/ml as described above and then dialyzed against 30
mM cacodylate buffer (pH 6.5), 50 mM ZnCl2, 0.1 M NaCl. The solution was
finally centrifuged at 9,750 � g for 30 min, and the clear enzymatic solution was
stored at 	80°C until use.

Protein analysis techniques. Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis was carried out as described by Laemmli (18), with final acrylamide
concentrations of 15 and 5% (wt/vol) for the separating and the stacking gels,

respectively. After electrophoresis the protein bands were stained with Coomas-
sie brilliant blue R-250. The amino-terminal sequence of the purified protein was
determined using a gas-phase sequencer (Procise-492; Applied Biosystems, Fos-
ter City, Calif.), after resuspension of the protein (50 pmol) in a 0.1% (vol/vol)
trifluoroacetic acid solution and loading of the sample onto a polyvinylidene
difluoride (PVDF) membrane (Millipore Corp., Bedford, Mass.).

Determination of kinetic parameters. Substrate hydrolysis was monitored by
following the absorbance variation at 30°C in 30 mM sodium cacodylate buffer
(pH 6.5) containing 50 �M ZnCl2, using a lambda 2 spectrophotometer (Perkin-
Elmer, Rahway, N.J.) that was equipped with thermostatically controlled cells.
The sources of �-lactam compounds, wavelengths, and changes in extinction
coefficients have been described previously (19, 20). Bovine serum albumin (final
concentration, 20 �g/ml) was added to the diluted solutions of �-lactamase.

The steady-state kinetic parameters (Km and kcat) were determined under
initial rate conditions using the Hanes-Woolf plot (26). Km values lower than 20
�M were measured as inhibition constants (Kis) in a competitive model, using
nitrocefin (40 �M) or imipenem (400 �M) as the reporter substrate. The Ki value
was determined by the plot of Vo/Vi versus I, yielding a line whose slope is
Km/[(Km � S) � Ki], where Vo and Vi are the initial rates in the absence or
presence of inhibitor, respectively, I is the inhibitor concentration, S is the
reporter substrate concentration, and Km is the Michaelis constant of the enzyme
for the reporter substrate (10). In these cases, the kcat values were determined by
measuring the hydrolysis of the substrate at a saturating concentration that was

Km.

RESULTS AND DISCUSSION

Development of an expression system for overproduction of
the BlaB metallo-�-lactamase in E. coli. Overexpression of the
C. meningosepticum blaB gene in E. coli was carried out using
two T7 promoter-based expression vectors, pET-9a and pET-
24a, characterized by different stringencies of the transcrip-
tional control. Both constructs used to transform E. coli
BL21(DE3) yielded high-level production of the BlaB enzyme.
With BL21(DE3)(pET9-Chryseo), BlaB production was
scarcely influenced by IPTG induction and, regardless of in-
duction, the protein was progressively released in the medium
(Table 1; Fig. 1). With BL21(DE3)(pET24-Chryseo), produc-
tion of the BlaB enzyme was remarkably influenced by IPTG
induction. In induced cultures, the yield of enzyme was com-
parable to that obtained with pET9-Chryseo and production
followed a similar pattern, including the eventual release in the
medium. In cultures not induced the yield was significantly
lower and the enzyme remained cell associated (Table 1).
After 24 h and under the tested conditions, the BlaB activity
was detected only in minor amounts in the cell fraction.

Large-scale production and purification of the BlaB enzyme.
The BlaB enzyme produced by E. coli BL21(DE3)(pET9-
Chryseo) was purified from the supernatant of a culture grown

TABLE 1. BlaB production by E. coli BL21 (DE3)(pET9-Chryseo) and E. coli BL21 (DE3)(pET24-Chryseo)a

Time after
induction

(h)

Enzyme amount (mg/liter)

BL21(DE3)(pET9-Chryseo) BL21(DE3)(pET24-Chryseo)

Noninduced Induced Noninduced Induced

Cells Supernatant Cells Supernatant Cells Supernatant Cells Supernatant

1 26 2 33 29 0.3 0.1 38 0.3
3 80 18 23 24 39 0.1 43 46
5 82 28 20 28 36 1 14 85

24 2 85 2 70 2 0.6 0.1 82

a The enzyme amount was calculated on the basis of the kinetic parameters with imipenem (see Materials and Methods for details). Data are the means of three
measurements. The standard deviations were always lower than 10%.
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in a 15-liter fermentor by means of two ion-exchange chroma-
tography steps, with an overall yield of 10 mg/liter of culture.

The protein was estimated to be 
95% pure by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (data not shown).
The amino-terminal sequence was determined to be NH2-
QENPD and was identical to that of the protein purified from C.
meningosepticum (20). Electrospray mass spectrometry yielded a

value of 25,805 Da, which is consistent with the calculated mo-
lecular mass of the mature protein (25,803 Da) (24).

Kinetic parameters of the BlaB enzyme. Under the experi-
mental conditions adopted, the enzyme hydrolyzed all of the
tested compounds, with the only exception being monobactams
(aztreonam and carumonam, with Km s of 
1,500 �M and kcats of
�0.01 s	1). The steady-state kinetic parameters of the BlaB en-

FIG. 1. General structure of various groups of �-lactams: penams (a1, a2); carbapenems (b); monobactams (c); cephems (d1); carbacephems
(d2); and oxacephems (d3).

TABLE 2. Kinetic parameters of BlaB towards penicillin derivativesa

Compound (group) R Concn range (�M) Enzyme (nM) Km (�M) kcat (s	1) kcat/Km
(M	1 · s	1)

Benzylpenicillin (a1) 50–250 0.4 33 � 1c 901 � 10 2.7 � 107

Carbenicillin (a1) 50–1,000 2.3 94 � 3 573 � 16 6.1 � 106

Ampicillin (a1) 100–1,700 1.1 235 � 18 1,690 � 73 7.2 � 106

Azlocillin (a1) 30–1,000 0.4 109 � 5 709 � 10 6.5 � 106

Mezlocillin (a1) 30–1,000 1.1 193 � 11 2,340 � 98 1.2 � 107

Piperacillin (a1) 75–1,800 2.3 275 � 20 2,390 � 56 8.7 � 106

Ticarcillin (a2) 70–1,000 4.5 137 � 13 465 � 9 3.4 � 106

Temocillin (a2) 200–1,500 152 
1,500 
47 3.1 � 104

a For group structure and R positions, see Fig. 1.
b Standard deviation values were less than 10%.
c Km determined as Ki, using 400 �M imipenem as substrate.
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TABLE 3. Kinetic parameters of BlaB toward cephalosporin derivativesa

Compound (group) Concn range
(�M) Enzyme (nM) Km (�M)b kcat (s	1) kcat/Km

(M	1 · s	1)R1 R2 R3

10–250 6 19 � 1.8 75 � 7 3.9 � 106

0.5–30 12 3.5 � 0.14* 4.0 � 0.04 1.1 � 106

8–180 7.2 6.2 � 0.11* 10 � 0.09 1.6 � 106

50–1,000 12 308 � 16 45 � 2 1.4 � 105

6–90 6 5.5 � 0.2* 5.6 � 0.15 1.0 � 106

20–350 127 110 � 4 5.5 � 0.1 5.0 � 104

80–350 6 17 � 0.8* 13 � 1.1 7.9 � 105

20–150 76 31 � 2.4 0.55 � 0.04 1.7 � 104

125–1,200 127 875 � 16 5.8 � 0.1 6.6 � 103

60–2,000 96 
2,000 
17.4 8.7 � 103

75–1,500 127 
540 
6.5 1.2 � 104

100–1,000 731 
1,000 
0.2 2.0 � 102

a For group structure and R positions, see Fig. 1.
b �, Km determined as Ki, using 40 �M nitrocefin as reporter substrate.
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zyme with the hydrolyzed compounds are reported below in Ta-
bles 2 to 5.

(i) Penicillins. All penam substrates were efficiently hydro-
lyzed (kcat/Km ratios, 
106 or even 
107 M	1 s	1), with the
exception of temocillin (Table 2). Individual kinetic parame-
ters for penam substrates were characterized by low to inter-
mediate affinities (the Km values were in the range of 33 to 275
�M) and high kcat values, resulting in catalytic efficiencies that
are comparable or superior to those of other metallo-�-lacta-
mases of subgroup 3a (11, 13, 19, 27). The presence of a small
side chain (such as in penicillin G, ampicillin, and carbenicillin)
or of a bulky side chain (such as in azlocillin, mezlocillin, or
piperacillin) did not significantly affect the binding or the turn-
over process. On the other hand, the presence of an �-methoxy
group in position C-6 caused a dramatic decrease of the cata-
lytic efficiency that was due, at least in part, to an impairment
of the recognition process, as shown by comparison of the
kinetic parameters measured with temocillin and ticarcillin
(Table 2). A similar behavior does not appear to be a constant
feature among metallo-�-lactamases of subgroup 3a, which can
be affected quite differently by the presence of an �-methoxy
group in position C-6 of the penam nucleus.

The high catalytic efficiency of BlaB for penicillins makes
this enzyme one of the most efficient penicillin-hydrolyzing
metallo-�-lactamases, together with the L1 enzyme from
Pseudomonas maltophilia ULA-511 (11).

(ii) Cephalosporins. Hydrolysis of cephalosporins was over-
all less efficient than that of penicillins. kcat/Km ratios around
106 M	1 s	1 were found only with nitrocefin, cephalothin,
cefuroxime, cefotaxime, and loracarbef, while with the other
compounds they were 10- to 10,000-fold lower (Table 3). This
remarkable variability was largely due to a broad range of
affinities that characterized the interaction of BlaB with differ-
ent cephalosporins (Km ranged from 3.5 to 
2,000 �M). The
presence of a charged bulky side chain in the R3 substituent
seems to be relevant to decreased affinity, as suggested by
comparing the Km values for cephalotin (6 �M) with that for
cephaloridine (308 �M), or that for cefotaxime (17 �M) with

those for cefpirome (
540 �M) and cefepime (
1,000 �M).
Affinity was also decreased by the presence of an �-methoxy
group at C-7, as suggested by comparison of the Km values for
cefuroxime (5.5 �M) or cefotaxime (17 �M) with that for
cefoxitin (110 �M), while this modification did not significantly
affect the catalytic constant kcat (Table 3). A similar behavior
toward the presence of an �-methoxy group at C-7, which
parallels that seen with penicillins (see above), was also ob-
served with Bc-II (11), but it does not appear to be a constant
feature among metallo-�-lactamases of subgroup 3a. Turnover
rates for cephalosporins were constantly lower than those ob-
served with penicillins and, for most compounds, kcat values
varied in the range of 4 to 75 s	1. The removal of the acetyl
moiety from the R3 substituent of cefotaxime (yielding
desacetyl-cefotaxime) caused a 20-fold reduction of the turn-
over rate with only a minor effect on the recognition step
(Table 3).

(iii) Carbapenems. Most carbapenems behaved as good sub-
strates (kcat/Km around 106 M	1 s	1), with the exception of
biapenem, which was hydrolyzed 20- to 100-fold less efficiently
(Table 4). Affinities for carbapenems were quite low, especially
for meropenem and biapenem, and the high kcat/Km ratios
observed with imipenem, meropenem, and panipenem always
resulted from very high turnover rates. The 10- to 20-fold lower
kcat values observed with biapenem significantly contributed to
the reduced efficiency observed with this compound, which
could be related to the unique presence of a quaternary am-
monium on the C-2 substituent (Table 4).

The efficiency of BlaB on imipenem is similar or higher than
that of the most efficient imipenem-hydrolyzing enzymes of
group 3, such as CphA, CcrA, IMP-1, VIM-1, and L1 (11, 13,
19, 27). Similar to CphA and CcrA, BlaB owes this feature to
a combination of relatively low affinity but high turnover rates,
while with L1, IMP-1, and VIM-1 the equilibrium is increas-
ingly shifted toward increased affinities and decreased turnover
rates (11, 13, 19). Also with meropenem, BlaB showed an
efficiency similar to those of other metallo-�-lactamases, while

TABLE 4. Kinetic parameters of BlaB toward carbapenem compounds

Carbapenem (group)a R Concn range
(�M)

Enzyme
(nM) Km (�M) kcat (s	1) kcat/Km

(M	1 · s	1)

Imipenem (b) 70–1,000 1.1 361 � 36 729 � 54 2.0 � 106

Meropenem* (b) 100–1,650 2.3 
1,650 
1250 7.6 � 105

Biapenem* (b) 100–2,700 47 2,070 � 48 90 � 3.4 4.3 � 104

Panipenem (b) 60–750 2.3 489 1,910 3.9 � 106

a �, a 1-�-methyl group is present in the compound.
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with biapenem the BlaB efficiency was notably lower than that
exhibited by VIM-1 and IMP-1 (13, 19).

(iv) Active-site serine �-lactamase inhibitors. BlaB hydro-
lyzed all of the tested active-site serine �-lactamase inhibitors,
but the behavior was quite heterogenous (Table 5). �-Io-
dopenicillanate was the best substrate, and a combination of
high affinity (Km, 42 �M) with high turnover rate (kcat, 579 s	1)
yielded a kcat/Km ratio second only to that of penicillin G. This
excellent activity for �-iodopenicillanate suggests that the thia-
zolidine nucleus could be of great relevance to the binding of
the substrate to the active site of BlaB, and it differentiates
BlaB from other members of subclass B1, such as Bc-II, IMP-1,
and VIM-1 (11, 13, 19). With sulbactam, kcat was similar to that
observed for �-iodopenicillanate, but the affinity was remark-
ably lower, likely due to the presence of the sulfone moiety.
However, with a kcat/Km ratio of 
105 M	1 s	1, BlaB remains
one the most efficient sulbactam-hydrolyzing metallo-�-lacta-
mases (21). With tazobactam, which was the least efficiently
hydrolyzed compound, a dramatic decrease in the turnover
rate was also observed, likely due to the presence of the meth-
yl-triazole group in C-2 (Table 5). The kcat/Km ratio observed
with tazobactam is similar to those reported for VIM-1, CcrA,
and IMP-1 (13, 21).

Concluding remarks. Some data presented in this paper
seem to be in disagreement with those previously reported
(24). This could be explained on the basis of a partial inacti-
vation of the enzyme during its purification and mainly during
the dialysis process. Despite this consideration, the high cata-
lytic efficiency of BlaB for several �-lactams, its distribution in
a species of clinical relevance, and its kinetic peculiarities sug-
gest that this enzyme should be further investigated with spec-
troscopic and crystallographic methods to evaluate the role of
specific amino acid residues in the catalytic mechanism and
substrate specificity, how zinc ions bind in the active site, and
which is the role of these ions in the reaction mechanism.

The substrate profile of the BlaB enzyme, more oriented
toward penicillins, appears to be somewhat complementary to
that of the GOB metalloenzyme, the other resident metallo-
�-lactamase of C. meningosepticum, which shows a 15- to
1,000-fold higher catalytic efficiency than those found for BlaB
relative to expanded-spectrum cephalosporins such as moxa-

lactam, ceftazidime, and cefepime (1). This finding could ex-
plain the simultaneous presence of these two different metallo-
�-lactamases in the same organism, which is a quite unusual
finding. The presence of both metalloenzymes, together with a
class A serine �-lactamase active on monobactams (23), en-
ables C. meningosepticum to efficiently degrade virtually all
�-lactam antibiotics.
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